This work revisits the melting behaviour of neptunium dioxide, an actinide compound which can be produced in the nuclear fuel during operation, and which has an important impact on the nuclear fuel and waste radioactivity especially on the very long term. The present experimental approach employs remote laser heating under controlled atmosphere and fast pyrometry. This technique circumvents problems encountered by more traditional heating techniques, in particular, the reaction between sample and containment at temperatures beyond 2500 K. In addition, only a small amount of sample material is required, which is an advantage with respect to the radioactivity and limited availability of neptunium. The NpO 2 melting/freezing temperature has been measured to be 3070 K 6 62 K, much higher than previous values (around 2830 K) obtained by more traditional thermal analysis methods. The large amount of experimental data collected allowed a consistent statistical analysis. It seems likely, although not fully evident from the present results, that the high oxygen potential at temperatures around melting leads to a slightly hypo-stoichiometric congruent melting composition, as already observed in other actinide (ThO 2 , PuO 2 ) and lanthanide oxides (e.g., CeO 2 ). Finally, a recently developed phase-field model was used for the simulation of the observed thermograms, allowing a deeper insight in material properties that are difficult to directly measure. For example, a polaron contribution to the high-temperature thermal conductivity, well accepted for the commonly studied actinide oxide UO 2 , is shown here to likely be present in NpO 2 .
This work revisits the melting behaviour of neptunium dioxide, an actinide compound which can be produced in the nuclear fuel during operation, and which has an important impact on the nuclear fuel and waste radioactivity especially on the very long term. The present experimental approach employs remote laser heating under controlled atmosphere and fast pyrometry. This technique circumvents problems encountered by more traditional heating techniques, in particular, the reaction between sample and containment at temperatures beyond 2500 K. In addition, only a small amount of sample material is required, which is an advantage with respect to the radioactivity and limited availability of neptunium. The NpO 2 melting/freezing temperature has been measured to be 3070 K 6 62 K, much higher than previous values (around 2830 K) obtained by more traditional thermal analysis methods. The large amount of experimental data collected allowed a consistent statistical analysis. It seems likely, although not fully evident from the present results, that the high oxygen potential at temperatures around melting leads to a slightly hypo-stoichiometric congruent melting composition, as already observed in other actinide (ThO 2 , PuO 2 ) and lanthanide oxides (e.g., CeO 2 ). Finally, a recently developed phase-field model was used for the simulation of the observed thermograms, allowing a deeper insight in material properties that are difficult to directly measure. For example, a polaron contribution to the high-temperature thermal conductivity, well accepted for the commonly studied actinide oxide UO 2 , is shown here to likely be present in NpO 2 . It is therefore produced as a by-product in nuclear reactors. Due to its long half life, it contributes significantly to the long-term activity of nuclear waste, and is therefore one of the most interesting target nuclides for removal by nuclear transmutation like in the "minor actinide burndown" or "deep-burn" concepts. 1 Knowledge of properties of Np compounds 2 is therefore important for actinide management technologies, as well as from a fundamental research viewpoint. Particularly, the NpO 2 melting temperature is important basic information in the actinide dioxide series, which will possibly help, among other aspects, the understanding of the 5f electron behaviour in these compounds.
Two melting point measurements of NpO 2 were published prior to the present work by Chikalla et al. 3 
in 1971
and by Richter and Sari 4 in 1987. In both cases, specimens were heated up to the melting point in a resistance furnace and the temperature was measured by pyrometry under blackbody conditions. The melting points reported in these two publications are in excellent agreement, 2830 6 50 K and 2820 6 60 K, respectively. Both results may, however, be affected by the high reactivity of the sample, particularly in the liquid phase, at elevated temperature. The present investigation aims at repeating these measurements with an innovative fast heating method, based on high power laser irradiation of the sample coupled with fast multi-channel pyrometry. This method allows the reduction of the heating/ cooling duration by orders of magnitude (down to several tens of milliseconds), and the concomitant side effects linked to prolonged high temperatures. Moreover, the atmosphere in which the sample undergoes the solid/liquid phase transition may be controlled. This technique, developed at the European Commission's JRC-ITU in Karlsruhe (Germany), was already successfully used to study the melting behaviour of some actinide compounds like PuO databases. In this context, it appeared that most actinideoxygen phase boundaries should be revisited, especially at high temperature. 8 It seemed then of great interest to apply the current experimental approach to neptunium dioxide.
A sound interpretation and thorough exploitation of the current experimental temperature vs. time curves were achieved by simulation with a heat transport and a phasefield model. This is an original theoretical approach derived through the theory of irreversible processes. 9 
II. EXPERIMENTAL PROCEDURE AND MODELLING

A. Sample preparation
The neptunium dioxide samples were prepared with a mass fraction w( Pu with mass fractions less than 0.0002% (measured by alpha spectroscopy), w(W) ¼ 0.0276%), and w(P) ¼ 0.05%. The starting material was a powder. Disks 6 mm in diameter and 1.2 to 1.5 mm in thickness were obtained using a bi-directional press. They were then sintered for 8 h in an Ar þ H 2 flux at 1973 K with approximately 1500 ppm of H 2 O to densify them, then heat-treated twice in air for 8 h at 1123 K, following Richter and Sari's procedure, 4 and for 12 h at 2000 K just before the laser experiments in order to obtain a composition as close as possible to the exact O/Np ¼ 2 stoichiometry. No weight change was observed after a second annealing, and this was considered a satisfactory test that the stoichiometric composition (O/Np ¼ 2) had been reached.
B. High temperature measurements
The experimental apparatus used in this work is summarised in Figure 1 and described in detail elsewhere. 10 The sample was mounted in a pressurized cell with a controlled atmosphere inside a a-shielding glove-box. The contact between the sample and its mount was minimized by using three radially arranged graphite screws to hold the sample in place. The heating agent was a Nd:YAG continuous-wave laser radiating at 1064.5 nm. The laser is programmable with a complex power/time profile of variable duration as short as a few milliseconds and a maximum power of 4.5 kW. Pulses of 70 ms to 720 ms consisted of an initial power ramp, designed to reduce the thermal shock, followed by a constant-power plateau. The sample was heated beyond the melting point and then allowed to cool naturally and resolidify. Such heating cycles were performed under air, air mixed with argon, and Ar þ 2% H 2 slightly pressurized up to 0.3 MPa. Quasi-containerless conditions were achieved by directly heating only a limited area of approximately 3 mm in diameter on the sample surface. The molten volume was therefore contained by the outer periphery of colder solid material, thus, preventing contamination by foreign material. Several experimental parameters could be varied in order to check the impact of the different factors (atmosphere, heating cycle duration, laser spot size, etc.) on the observed melting behaviour.
The surface radiance temperature in the centre of the heated zone was measured by a pyrometer equipped with a fast logarithmic amplifier, operating at 652 nm. The nominal spot size was approximately 0.5 mm in diameter. The pyrometer was calibrated against a standard tungsten-ribbon lamp in the range 1800 K to 2500 K, ensuring traceability to the International Temperature Scale of 1990. 11 The validity of the calibration, the quality of the optical windows, the alignment, and the thermodynamic equilibrium conditions on the measurement spot were tested by measuring in-situ the well established melting radiance temperatures of molybdenum, tungsten, and UO 2 (2530 K, 12 3207 K, 12 and 3040 K, 7 respectively, close to 650 nm).
In addition, a spectro-pyrometer, based on a linear array of 256 photodiodes was used to record the thermal radiance emitted by the sample in the range 550 nm to 920 nm. This instrument allows a spectral analysis, although with a poorer time resolution (one spectrum per millisecond at best). The photodiode at 649 nm was calibrated up to 2500 K using the tungsten-ribbon lamp and this calibration was transferred to a tubular-cavity variable-temperature graphite blackbody-furnace up to 3300 K. The remaining photodiodes were then calibrated with this blackbody, allowing a conversion of their output signal to spectral radiance over the useful wavelength range.
The measured radiance spectra can be fitted in two physically equivalent methods: by a least-squares regression to Planck's distribution law modified by a wavelength-and temperature-dependent function assumed to represent the (near-) normal spectral emittance (NSE), e(k,T), of NpO 2 , or by the radiance temperature, T r (k), measured during the freezing arrest and plotted as a function of wavelength, k. The obtained curves were then fitted using Wien's approximation of Planck's law, which is accurate to better than 1% for kT < 3100 lm K
where T is the true temperature, c 2 ¼ 14 388 lm K is the second radiation constant. If e is independent of wavelength or at least constant at the wavelengths at which T r is measured, then plotting 1/T r as a function of k results in a straight line fit. When extrapolated to zero wavelength, 13 it intersects the inverse-temperature axis at the inverse true temperature 1/T, as in Eq. (1) . In the present work, this approximation of the wavelength-independent NSE (greybody behaviour) resulted in a good fit and was therefore adopted. This is also supported by analogy to emittance data of other similar dioxides (such as UO 2 , Ref. 14 and PuO 2 , Ref. 5). In particular, the emittance values thus obtained for liquid and solid NpO 2 agreed well with those already published for UO 2 (Ref. 14) and PuO 2 . 5 The best estimate for the greybody-NSE was then used to convert the measured radiance temperature to true temperatures. Since all measurements were taken on liquid or resolidified material, the surface was considered to be sufficiently smooth, as supported by the good repeatability of the measured radiance temperatures upon freezing.
The melting/freezing temperature of NpO 2 was determined from the cooling stage of the recorded thermograms, by locating the corresponding thermal arrest. As often observed in rapid laser-heating experiments of such materials, and confirmed by numerical simulation, the heating stage often occurs too quickly to reveal an observable melting arrest during this phase of the thermal cycle.
C. Material analysis
NpO 2 samples were analyzed by x-ray diffraction (XRD) on the unmolten and resolidified areas with a diffractometer (Cu Ka 1 radiation), using a range 10 -120 with 0.009 steps.
Secondary electron (SE) and backscattered electron (BSE) images were recorded on a scanning electron microscope (SEM) operated at 25 kV.
D. Numerical simulation
Experimental heating cycles were simulated using a phase-field model to account for the phase change. The model determines the thermal transport coupled with phase stability through a phase-field model which tightly links the kinetic model to equilibrium thermodynamic treatments of the material. Similar models were previously used on thermograms from UO 2þx , which melt non-congruently. 15 The phase-field model introduces a scalar state variable u representing the fraction of the stable phase at each physical point of the system (e.g., u ¼ 1 for the liquid, u ¼ 0 for the solid, u [ (0,1) for a coexistence of the two). This approach permits a versatile description of the system including representation of phase boundaries with diffuse interfaces, whereas its main drawback is large computational expense, resulting in long calculation times.
The model is described in Eqs. (2) and (3) 
where c p represents the constant pressure heat capacity, q is the density, q is the conductive heat flux, h fus is the enthalpy of fusion, M u is the interface attachment kinetic parameter, T fus is the temperature of fusion, and K and n are interface shaping terms required by the phase-field model. Thermal boundary conditions are laser absorption and radiative heat loss. Heat transport in the buffer gas was modelled simultaneously to account for heat loss from the sample. Many of the material parameters required as input for the model are unknown, especially at the very high temperatures encountered at the liquid state. Missing parameters were therefore extrapolated from lower temperatures or taken from UO 2 when no other information was available. The enthalpy of fusion was calculated using Richard's law. [16] [17] [18] The material properties used are listed in Table I . Preliminary simulations revealed a discrepancy with the experimental data, which motivated a deeper investigation of the material properties. An important point was noted in the high temperature thermal conductivity of NpO 2 , which exhibited a downward trend with increasing temperature, whereas UO 2 and MOX typically show an upswing due to polarons. 22, 23 Upon deeper examination, experiments on the thermal conductivity of NpO 2 were preformed only up to 1473 K (Ref. 21 ) and show a decreasing trend with temperature, in qualitative agreement with molecular dynamics calculations up to 2200 K. 19 However, the calculations only consider lattice terms, and the measurements are below the threshold of significant polaron contribution in UO 2 . Therefore, we add the UO 2 polaron term 20 to the lattice terms for the thermal conductivity of NpO 2 .
III. RESULTS
A. Laser heating
Two NpO 2 disks were investigated in the present work. When the sample broke into pieces during the experiment, suitably large fragments were also used as further specimens. In total, more than 40 laser heating experiments were carried out, allowing a meaningful statistical analysis of the results. A clear solidification arrest was detected in a well reproducible temperature range, both over many successive shots on the same specimen and on different samples (Figure 2) . No indication of segregation or non-congruent evaporation was detectable from such thermal analysis only. Freezing plateaus were sometimes preceded by a dip in temperature as a consequence of undercooling at the surface of the sample which was reproduced in simulations described below.
The near-normal spectral emittance of freezing NpO 2 derived by multi-channel pyrometry using "extrapolation to zero wavelength" is reported in Figure 3 . The radiance temperature spectrum, recorded during the freezing arrest with an integration time of 2 and 4 ms, is well fitted with a greybody (constant) emissivity of 0.829. An emissivity uncertainty of 0.08 (at the two standard deviation level) combined with the data spread and the temperature scale uncertainty (610 K) yields a NpO 2 freezing temperature of 3070 K 6 62 K. Such a temperature was observed to be reproducible, within the given uncertainty limits, over 31 experiments.
By varying the atmosphere and the laser pulse power, no systematic variations of the melting point were observed as shown in Figure 4 . All these effects have therefore been taken into account in defining the aforementioned uncertainty bands associated with the current results.
B. Material characterization
The determination of possible permanent composition changes in the samples during the thermal cycles constituted a difficult part of the current investigation. Since no systematic effect linked to a variation of the O/Np ratio could be inferred from the thermal analysis of successive shots, other techniques were employed. Among them, the most consistent FIG. 2. An overview of all the solidification points measured in NpO 2 samples in this work, together with the partial oxygen pressure and the total pressure set in each experiment. The missing laser irradiation experiments were not taken into consideration for the statistics, but still had an effect on the morphology of the sample surface. Several shots were performed on the same spot on each sample. The experiments are categorized according to the total heating duration (short: t < 100 ms, middle: 100 ms t 150 ms, long: t > 150 ms). Older literature values of the NpO 2 melting temperature with their uncertainties are compared with the result found in this work (3070 K 6 62 K). seemed to be XRD, essentially because the dependence of the fcc-NpO 2Àx lattice parameter on x has already been assessed for 0 x 0.04 by Richter and Sari. 4 No clear differences were observed between the diffraction of molten/ refrozen neptunium dioxide and that of a not molten sample. The resulting lattice parameters were (5.435 6 0.002) Å and (5.436 6 0.002) Å , respectively. This corresponds with Richter and Sari 4 for a composition of NpO 1.99560.010 for the molten and NpO 1.99060.010 for the non-molten part. These values are very close to the suggested stoichiometric lattice parameter of 5.434 Å in the investigation of Richter and Sari, 4 but a slightly lower O/Np ratio cannot be excluded. Other measurements of the lattice parameter suggest, nevertheless, a value of 5.4333 Å , 24 so that the dependence of the composition has to be revisited.
The fact that samples were nearly stoichiometric both before and after laser irradiation was qualitatively confirmed also by SEM analysis. The electron microscope employed in the BSE mode revealed a clean surface throughout the sample, both in the molten/refrozen and in the unmolten regions, without any precipitations of metallic neptunium ( Figure 5) , as found by Richter and Sari 4 in hypostoichiometric samples. From a morphological viewpoint, micrographs show that the depth of the molten zone was of the order of some tens of micrometers, and it can be separated from the bulk material by a crack parallel to the surface as shown in Figure 6 .
C. Simulations
The simulated thermogram presented in Figure 7 was computed with a 1D model of shot 22, for which the solidification temperature was recorded at 3100 K. Inputting the experimental laser power vs. time profile and using the material properties listed in Table I , the calculated temperature evolution follows qualitatively well with the observed temperatures. The insets in Figure 7 show the temperature and phase profiles at the indicated times as functions of depth into the material. The phase profile at 304 ms corresponds well to the depth of the refrozen liquid observed by SEM on a cross section of the sample as shown in Figure 7 . The difference in the cooling behaviour following the pulse is primarily attributed to the presence of cracks in the sample, generated by thermal stresses during heating and cooling. The cracks retard heat transport away from the surface, thus, slowing the apparent surface cooling rate.
Considering the uncertainty in the majority of the material properties, the thermogram is reasonably well reproduced, indicating that the properties used, including the polaron term in the thermal conductivity, are at least indicative of their correct values.
IV. DISCUSSION
The melting/freezing temperature observed by laser heating on NpO 2 , 3070 K 6 62 K, is more than 200 K higher than the value reported by Chikalla 3 and Richter and Sari. 4 These latter results were obtained by using traditional heating methods (resistance furnaces) with which the NpO 2 sample could extensively react with the tungsten containment during the long dwelling time (minutes) at high temperature. On the other hand, in the current work the apparent melting/freezing point did not increase when performing repeated or longer experiments under oxidizing conditions. Since none of the techniques used to characterize the molten/refrozen material at room temperature gave evidence of any oxygen losses, except the XRD which indicated the possibility of a very slight hypostoichiometry both in the fresh and the laser irradiated materials, it can be concluded that neptunium dioxide melts congruently at a composition of 1.98 O/Np 2. This agrees fairly well with available thermodynamic assessment of the Np-O phase diagram, 4, 25 although the current investigation reveals a much higher melting temperature. Both the extent of the reported uncertainty band (662 K) and the (much larger) difference between the current results and the previous literature data give an idea of the experimental difficulties inherent in the high-temperature investigation of chemically reactive materials like NpO 2 .
The qualitative agreement between the experimental and simulated thermograms is acceptable in that the main features of the process are reproduced. The approach constitutes a valuable tool yielding a deeper picture of heating/melting and the cooling/freezing process. In the absence of a flat temperature plateau during solidification, the simulation confirms and explains why the maximum temperature observed is the true freezing temperature of the material. Another value of the simulation is the strong indication that polarons are present and contribute significantly to the thermal conductivity at high temperatures. With suitable development, the treatment may be used in the inverse problem for material parameter estimation (e.g., the thermal conductivity of liquid NpO 2 ).
In the end, devising a comprehensive approach (both experimental and theoretical) to obtain a satisfactory picture of all phenomena occurring under extreme experimental conditions constitute the main research challenges in the field of high temperature thermodynamics. This level of understanding is also of paramount importance for the analysis of accidental conditions which can be produced, for example, in a nuclear reactor or in nuclear waste during thermal excursions when insufficient cooling is provided.
Once more, a situation similar to that already observed elsewhere for CaO, 26 CeO 2 , 27 UO 2þx , 7 and PuO 2 (Ref. 5) is reproduced here: the reaction between the sample and its environment, enhanced by exchange of oxygen, probably leads to an apparent freezing temperature very different from the one measured for the well-controlled and well-contained material. The result is of great importance with respect to the behaviour of this sort of oxides, and highlights the impact of temperature and atmosphere on it.
The new value of the melting/solidification temperature for NpO 2 fits well in between the values for its neighboring actinide oxides (UO 2 , PuO 2 ). However, the general trend of the entire actinide dioxide series, reported in Figure 8 , 3, 5, 7, [28] [29] [30] [31] changes considerably when new values for NpO 2 and PuO 2 are taken into account instead of old ones. Figure 8 also shows that the difference between old and new melting temperatures of actinide dioxides increases with the atomic number of the actinide. More importantly, this difference seems to increase with the oxygen potential of the respective dioxide at a given temperature. 32 This shows the suitability of the current approach for the investigation of these materials, particularly in the cases where they display a strong tendency to exchange oxygen with their environment.
It is finally interesting to compare the qualitative behaviour of the room temperature sublimation enthalpy DH sub (298) (Refs. [33] [34] [35] [36] [37] for the actinide dioxide series with the newly assessed melting/freezing points of the same compounds. DH sub (298) is in fact known to be much higher for ThO 2 than for the other actinide dioxides (Figure 8) , signifying a correspondingly larger cohesion energy of thorium dioxide, which has no f-electrons involved in the formation of molecular orbitals. This suggests that new experimental data like the current ones might help a better comprehension of the f-electron behaviour in actinide compounds. Moreover, such behaviour parallels the reported melting/freezing points consistently, and encourages further research in this fascinating domain. For example, even the solid/liquid transition temperature of protactinium dioxide can be estimated to be close to the one of UO 2 if the current trend is proven to be correct.
V. CONCLUSIONS
The melting behaviour of NpO 2 has been revisited in this work by means of fast remote laser heating under controlled atmosphere. The following conclusions can be drawn from the present research: -Neptunium dioxide melts at (3070 6 62) K, at a composition between NpO 1.98 and NpO 2.00 . -Although it is likely that stoichiometric NpO 2 undergoes oxygen losses before melting, no clear effect of the external atmosphere on the liquid/solid transition could be observed in the current work, where a composition close to stoichiometric was maintained, thanks to the short material exposure at high temperature. -Large disagreement (>200 K) between the current results and earlier experimental data obtained by W-furnace heating shows that the melting behaviour of neptunium dioxide is largely determined by the interaction between this material and its containment, essentially due to the high oxygen potential of NpO 2 ; a similar behaviour had already been observed for other similar compounds (e.g., CeO 2 , PuO 2 ). -Phase-field simulations of the current experiments give good insight into the phenomena occurring during the laser heating cycles. -Comparison between experimental and simulated thermograms reveals that the high-temperature thermal conductivity of NpO 2 likely behaves similarly to UO 2 , where the polaron contribution plays an essential role. -The melting point trend of actinide dioxides as a function of the actinide atomic number Z can be reassessed with the current data: this trend seems to qualitatively resemble that of the sublimation enthalpies for the same compounds. Thanks to correlations of this type, the melting point of so far unmeasured compounds might be estimated.
FIG. 8.
Comparison between old (induction furnace heating in a tungsten crucible) 3, [29] [30] [31] and new (quasi-containerless laser heating) 5, 7, 28 data points for the melting/solidification temperatures of dioxides of the actinide series. Data for the dioxides of protactinium and trans-plutonium actinides are missing or considered as unreliable. The difference between new and old data points increases with the atomic number of the actinide and the oxygen potential 32 of the corresponding dioxide. Data of the room temperature sublimation enthalpy DH sub (298) [33] [34] [35] [36] [37] for the actinide dioxide series are also reported for comparison. Similar to the melting/solidification temperature trend, DH sub (298) is much higher for ThO 2 than for the other actinide dioxides, signifying a correspondingly larger cohesion energy of thorium dioxide, which has no f-electrons involved in the formation of molecular orbitals.
These encouraging results motivate further research on the very high temperature behaviour of other materials, whose behaviour might result considerably more complex than it could be believed on the basis of traditional furnace heating experiments only.
